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Edited by Miguel De la RosaAbstract Cytochrome c550 (cyt c550) from photosystem II
(PSII) exists in the PSII-bound form but can be released from
PSII by treatment with divalent cations or Tris, yielding the iso-
lated form. We calculated heme redox potentials (Em) based on
the crystal structures of cyt c550 by solving the Poisson–Boltz-
mann equation. In the isolated form, the calculated Em are
240 mV at pH 6.0 and 352 mV at pH 9.0. This pH-depen-
dence is predominantly due to deprotonation of the heme-propi-
onic group near Asn-49. In the PSII-bound form, the calculated
Em was up-shifted by 160 mV versus the isolated form due
to a conformational change of protein backbone, yielding Em =
84 mV.
 2005 Published by Elsevier B.V. on behalf of the Federation of
European Biochemical Societies.
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Arg3201. Introduction
Cytochrome c550 (cyt c550) is a heme protein with 15 kDa
molecular weight present in cyanobacteria, red algae and some
eukaryotic algae. Its binding to the photosystem II (PSII) pro-
tein complex from cyanobacteria on its lumenal surface as the
extrinsic protein subunit PsbV was formerly demonstrated by
Shen and Inoue [1] and conﬁrmed by recent crystal structures
[2–4]. PsbV is suggested to stabilize the oxygen-evolving com-
plex (Mn-cluster) [5,6]. The PSII mutants lacking in PsbV
could not grow without addition of Ca2+ or Cl, since other-
wise oxygen evolution was deactivated [7]. The exact physio-
logical role of cyt c550 as redox-active heme protein is yet
unclear. Kirilovsky et al. suggested that mutations of the axial
ligand His-92 of cyt c550 to methionine or cysteine changed
the Em by +125 mV or 30 mV, respectively. Nevertheless,
the activity of this mutated PSII in cells from Thermosynecho-
coccus elongatus (T. elongatus) was not modiﬁed, suggestingAbbreviations: A. maxima, Arthrospira maxima; cyt c550, cytochrome
c550; Em, midpoint redox potential; LPB equation, linearized Poisson–
Boltzmann equation; Mn-cluster, oxygen-evolving complex with Mn
ions; prop-A/prop-D, heme-propionic group A/D; PSII, photosystem
II; S. 6803, Synechocystis PCC 6803; T. elongatus, Thermosynechococ-
cus elongatus
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doi:10.1016/j.febslet.2005.05.004that under normal growth conditions the Em of cyt c550 is
not important for PSII function [8]. The Em of cyt c550 from
T. elongatus was measured by redox titration to be 240 mV
at pH 6.0 in the isolated form, which is signiﬁcantly lower than
that of 80 mV in the PSII-bound form [9].
To elucidate the signiﬁcant diﬀerence of Em between the iso-
lated form and the PSII-bound form, we provide values on the
Em for cyt c550 from T. elongatus based on the two crystal
structures in the isolated form [10] or PSII-bound form [3].
These values were calculated by solving the linearized Pois-
son–Boltzmann (LPB) equation accounting for all amino
acids, bound redox-active cofactors and their diﬀerent charge
states.2. Computational procedures
2.1. Coordinates
Atomic coordinates were taken from the crystal structures from T.
elongatus at resolutions of 1.8 A˚ (PDB, 1MZ4) [10] or 3.5 A˚ (PDB,
1S5L) [3] for the isolated or PSII-bound cyt c550 forms, respectively.
For the latter structure, we considered cyt c550 (i) with all other PSII
subunits (PSII-bound form), or (ii) in isolation from all other PSII sub-
units (PSII-removed form) to establish the same computational basis
as for the isolated cyt c550 crystal structure (isolated form). The bicar-
bonate bound to the heme-propionic group D in the 1.8 A˚ crystal
structure is removed. Hydrogen atom positions were energetically opti-
mized with CHARMM [11] while the positions of all non-hydrogen
atoms were ﬁxed. The same treatment of titratable residues and cofac-
tors was used as in our previous computations [12,13].
2.2. Atomic partial charges
The same computational conditions including atomic partial charges
for the cofactors were used as in our previous computations for PSII
[12,13] (i.e., the structural model of the Mn-cluster is based on [3]
and the used charge is given in [12]). Atomic partial charges of the ami-
no acids were adopted from the all-atom CHARMM22 [14] parameter
set. The atomic charge of heme is given in Supplementary Table S1. All
computations were done in the S1 state of the Mn-cluster with the cor-
responding charge distribution.
2.3. Computation of protonation pattern and redox potentials
Our computation is based on the electrostatic continuum model by
solving the LPB equation with the program MEAD [15]. The proton-
ation patterns were sampled by a Monte Carlo (MC) method with our
own program Karlsberg [16]. The dielectric constant was set to eP = 4
inside the protein and eW = 80 for water as done in previous computa-
tions for PSII [12,13]. All computations refer to pH 7.0 at 300 K and
an ionic strength of 100 mM. The LPB equation was solved using a
three-step grid-focusing procedure with 2.5, 1.0 and 0.3 A˚ resolution.
The MC sampling yields the probabilities [Aox] and [Ared] of the redox
states of compound A. The Em is calculated from the Nernst equation.
To optimize the accuracy in sampling the redox state, a bias potential
is applied to obtain an equal amount of both redox states, yielding theation of European Biochemical Societies.
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Em. For convenience, the computed Em is given with mV accuracy,
without implying that the last digit is signiﬁcant. Similarly, pKa were
calculated with the Henderson–Hasselbalch equation as in our previ-
ous computations [17].
We calculated the electrostatic energy diﬀerence of the heme redox
states between the protein environment and the reference model system
where the experimental value is known, added the resulting calculated
shift of the Em to the experimental value, and obtained thus an abso-
lute value of the Em for heme in the protein environment. As reference
model system, we used Em of 220 mV versus normal hydrogen elec-
trode for the bis-histydinyl heme model compound, which corresponds
to one-electron oxidation in water [18] as used in the previous compu-
tations for c-type heme protein by Mao et al. [19] and our group [20].
For further information about the technique of Em computation and
error estimate, see [21].3. Results and discussion
3.1. Redox potential of heme in the isolated form of cyt c550
The calculated Em for heme using the crystal structure of the
isolated form [10] resulted in 240 mV at pH 6.0 and 352 mV
at pH 9.0 (Fig. 1). These values and its pH dependency are in
excellent agreement with a redox titration study for isolated
cyt c550 of PSII from T. elongatus, which yielded the Em of
240 mV at pH 6.0 and 350 mV at pH 9.0 [9]. With increas-
ing pH, we found a remarkable deprotonation at the heme-
propionic group D (prop-D) close to Asn-49. This propionic
group, prop-D, is protonated (0.99/0.73 H+ for reduced/oxi-
dized heme) at pH 6.0 but deprotonated at pH 9.0 (0.16/0.00
H+ for reduced/oxidized heme) while the other propionic
group (prop-A) remains fully protonated in this pH range.
The strongly protonated state of prop-A is due to the presence
of the backbone oxygen of Asp-53 at a distance of 2.7 A˚ from
one prop-A oxygen. Thus, the fully protonated prop-A forms
an hydrogen bond with the backbone oxygen of Asp-53.
Astonishingly, the negative charge at the Asp-53 side-chainFig. 1. Calculated redox potentials of cyt c550 in the isolated form
based on the 1.8 A˚ structure [10]. Solid line n: computed Em; due to
perfect agreement with the experiment [9] the latter are not visible in
the ﬁgure. Dotted lines (i)m: computed Em with prop-D constrained to
its fully protonated state; (ii) +: estimated Em derived from Eq. (1) [22]
by assuming that solely prop-D is responsible for the pH-dependence
of Em (6.6/8.2 for pKaox=red of prop-D).has a negligible inﬂuence on the protonation state of prop-A,
presumably since Asp-53 is solvent exposed. Furthermore,
Asp-53 is not a conserved residue, while in our computation
prop-A was protonated also in cyt c550 from the other species
(see a more detailed discussion in the supplement). In contrast,
no corresponding stabilization eﬀect from the protein environ-
ment is observed at the prop-D side. Prop-D is partially sol-
vent exposed in the isolated cyt c550 form, which relates to
its tendency to be deprotonated at high pH.
Roncel et al. [9] suggested that the protonation state of one
titratable group is speciﬁcally important to determine the Em
of cyt c550. To investigate the titratable group that is respon-
sible for the pH-dependence of Em, we used the following rela-
tion describing the pH-dependence of the Em of a redox-active
group in the neighborhood of a titratable group whose proton-
ation state, i.e., pKa is coupled with the heme redox state [22]
Em ¼ E  58 log 10
pKaox þ 10pH
10pKared þ 10pH ð1Þ
where E is the midpoint potential with the titratable group
being fully protonated and pKaox=red is the pKa of the titratable
residue in the presence of the oxidized/reduced state for the re-
dox-active group (heme in the present case). We assumed
prop-D to be the most crucial residue inﬂuencing the pH-
dependence of Em of heme. Indeed, for the change of proton-
ation state in response to the heme redox state, prop-D was (at
pH 6.0) most sensitive among all titratable residues in our
computations. We calculated at pH 7 the pKa for prop-D to
be pKaox ¼ 6.6 and pKared ¼ 8.2 for oxidized and reduced heme,
respectively. When the protonation state of prop-D was con-
strained to be protonated, Em (equivalent to E in Eq. (1))
was calculated to be 249 mV at pH 7.0. With these condi-
tions, Eq. (1) yielded Em values of 254 mV at pH 6.0 and
338 mV at pH 9.0, which fully reproduced our original calcu-
lated Em of 240 mV at pH 6.0 and 352 mV at pH 9 (Fig. 1).
It was speculated that the titratable group crucial to the pH-
dependence of Em may be Tyr-82 [9]. In our computation, Tyr-
82 remains fully protonated also at pH 9.0 and is unlikely to be
responsible for the pH-dependence of Em. Furthermore, when
the charge state of prop-D was ﬁxed to the fully protonated
state during the titration, the calculated Em was 259 mV even
at pH 9.0, resulting in a very tiny downshift of 19 mV from
the value of 240 mV at pH 7.0 (Fig. 1). Therefore, we con-
cluded that the origin of the pH-dependence of Em is the
change of the protonation state of the heme prop-D. In EPR
spectra for cyt c550 in the isolated form showed no diﬀerence
between pH 4.5 and pH 10.0, implying that Em is mainly
dependent on the electrostatic interactions of the charge envi-
ronment without any change in the heme structure including
the axial ligands [9]. Our result agrees with this proposal.
3.2. Redox potential of heme in the PSII-bound form
The Em value calculated for the PSII-bound form in the
presence of all other PSII protein subunits is 84 mV at pH
6.0, signiﬁcantly higher than that for the isolated form. This
Em value is in agreement with the measured value of
80 mV at the same pH obtained by redox titration [9].
Remarkably, even when the computation was performed with
the cyt c550 structure obtained after removal of all other sub-
units from the whole PSII crystal structure (i.e. PSII-removed
form), the Em remained almost unchanged at pH 6.0, yielding
93 mV.
Fig. 2. Orientations of the backbone carbonyl groups (a) of cyt c550 in
isolated monomeric form (PDB, 1MZ4) [10] from T. elongatus, (b) in
the PSII-bound form with CP43-Arg320 (PDB, 1S5L) [3] from T.
elongatus, (c) in the isolated dimeric form (PDB, 1E29) [25] from S.
6803 and (d) in the isolated dimeric form (PDB, 1F1C) [26] from A.
maxima.
Table 2
Contribution of diﬀerent backbone carbonyl groups (CO) on the cyt
c550 heme Em of the isolated form (T. elongates, S. 6803 and A.
maxima) versus the PSII-bound form (T. elongatus), i.e., E (CO,
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heme has a very strong inﬂuence on the diﬀerence of Em for
heme between the two cyt c550 structures. Speciﬁcally,
113 mV of the total discrepancy of 145 mV due to the protein
backbone is attributed to the atomic charges of the backbone
carbonyl groups (Table 1), mainly their diﬀerent orientations
in the two structures. In comparison between the two struc-
tures, especially, the carbonyl groups near the b-turn, i.e.,
Ile-45, Lys-47, Asn-49 and Leu-52 showed apparently diﬀerent
orientations with respect to heme (Fig. 2a and b). Here, all the
oxygen atoms of these four backbone carbonyl groups are,
clearly, more oriented toward the heme in the isolated form
than the PSII-bound form. As a consequence, the proximity
of the negative charges from the backbone carbonyl oxygens
stabilizes the heme oxidized state more eﬃciently in the iso-
lated form.
The backbone carbonyl group of Lys-47, which is 5.0 A˚
from the side-chain of CP43-Arg320 (Fig. 2b), shows signiﬁ-
cantly diﬀerent orientations between the two structures (Fig.
2a and b), resulting in a moderate heme Em shift of at most
24 mV (Table 2). Remarkably, mutating this Arg to Ser
[CP43-Arg305 in PSII from Synechocystis PCC 6803 (S.
6803)] resulted in loss of cyt c550 binding at PSII [23]. The
same mutant also exhibited only 70% of the O2-evolving activ-
ity of untreated control cells [24] due to the loss of cyt c550
binding. Hence, the subunit interaction between cyt c550 and
CP43 is strongly mediated by CP43-Arg320 in PSII from T.
elongatus and at the same time CP43-Arg320 might enforce a
reorientation of the backbone carbonyl groups in cyt c550.
3.3. Comparison with cyt c550 from other species
Surprisingly, the crystal structures of isolated cyt c550 (also
called c549) from S. 6803 (PDB, 1E29) [25] and from Arthro-
spira maxima (A. maxima) (PDB, 1F1C) [26] display orienta-
tions of the backbone carbonyl group of Lys-47 (Arg-47 in
the latter) which are more like the PSII-bound form than the
isolated form from T. elongatus (Fig. 2). However, we should
be aware of a crucial diﬀerence in the organization of these
crystal structures. In the crystals of cyt c550 from T. elongatus,
the unit cells contain a single monomer only, while the crystal
structures from the other two species possess a dimer in asym-
metric unit where the heme edges are buried (discussed in [10]).
Residues 46–49 buried in the dimer interface of cyt c550
from A. maxima become solvent exposed if solvated in mono-
meric form [26]. These residues including also 45, 50 and 51
exhibit reorientations of the backbone carbonyl groups among
the three diﬀerent isolated forms and the PSII-bound form
as evident by inspecting Fig. 2. Indeed, according to ourTable 1
Contributions of protein backbone to the cyt c550 redox potential in
the isolated form and the PSII-bonded form
Contribution Isolateda PSII-bounda DDEm
b
Backbone 163 18 +145
Carbonyl groups 112 +1 +113
Amide groups 51 19 +32
Values are given in mV.
aCalculated according to the following formula: DEm =
Em(charged)  Em(charge-zero).
bDiﬀerence of the values in the components between the isolated
form and the PSII-bound form: DDEm = DEm(PSII-bound) 
DEm(isolated).computations the backbone carbonyl groups of residues 44–
50 account for a larger portion of the Em up-shift in the
PSII-bound [3] versus the isolated form of about 55 mV for
S. 6803 [25] and A. maxima [26] (87 mV for T. elongatus
[10]) (Table 2). This small Em deviation of about 30 mV among
the three isolated cyt c550 is mainly due to variations in the
carbonyl group orientation of residue 47 (Lys/Arg-47).
At pH 7 the calculated Em were 220 mV for S. 6803 and
264 mV for A. maxima (based on the crystal structures of di-
meric cyt c550 in the asymmetric unit [25,26]), while the Em
measured by redox titration is 250 mV for the former [27]
and unknown for the latter. According to our computations
in Table 2, taking into account the reorientation of the car-
bonyl group at Lys-47 in the dimeric cyt c550 from S. 6803m
isolated)  Em(CO, PSII-bound) in mV
backbone CO T. elongatus S. 6803 A. maxima
43 0 2 +1
44 11 11 7
45 33 26 36
46 3 9 1
47 24 4 0
48 7 8 4
49 6 +3 6
50 3 1 3
51 0 3 1
52 15 11 13
53 +6 +8 +2
Total (43–53) 96 64 68
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[10], we would obtain an Em of 240 mV forS. 6803, which is
closer to the corresponding measured value of 250 mV [27].
As a conclusion, the issue of the backbone carbonyl group
orientation at Lys-47 may be more relevant for PSII-binding
than tuning of the heme Em. This may also be related to the
fact that among investigated cyanobacteria only cyt c550 from
T. elongatus is tightly bound to PSII [9]. In the monomeric
form from T. elongatus, we found a crystal water (HOH-67
[10]) at a distance of 2.7 A˚ from the backbone carbonyl oxygen
of Lys-47, which seems to stabilize its backbone orientation
(Fig. 2a). A corresponding crystal water was not observed in
the other crystal structures [25,26], i.e., dimeric cyt c550 forms.
Possibly, dimerization or PSII-binding of cyt c550 excludes
this water from the protein, which may result in a reorientation
of protein backbone at Lys-47.
Finally, the signiﬁcant contribution of carbonyl groups at
residues 44–50 to the heme Em may suggest a further interpre-
tation of the electrode-voltammetric result of Vrettos et al.
yielding a very high Em of 108 mV at pH 7 for the isolated
form of S. 6803 [28] in contrast to the Em value of 250 mV
obtained from redox titration [27]. Adsorption of cyt c550
on the electrode may go along with a corresponding reorienta-
tion of protein backbone (possibly due to the exclusion of
the water molecule) near the heme edge involving residues
44–50.
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